Xanthine oxidase (XO), a molybdo-flavoprotein enzyme involved in purine degradation, was localized immunoqtochemically in rat hepatoqtes by high-resolution immunoelectron microscopy. XO was isolated from rat liver and a 150 KD polypeptide was p d i e d . Antibodies were raised in rabbits. Small pieces of fresh liver were quickly frozen by contact with a capper block pre-cooled with liquid helium and were freeze-substituted with either 2.5% Os04 or 0.2% glutaraldehyde in acetone. They were then warmed and embedded in Epon-Araldite or Araldite 6005. Resin sections were treated by indirect immunostaining using anti-rat liver XO antibody and protein A-gold. The labeling pattem was
Introduction
Xanthine oxidase (XO) (xanthine:02 oxidoreductase; EC 1.2.3.2.), a molybdo-flavoprotein enzyme involved in purine degradation, is known to generate the cytotoxic superoxide radical which has been implicated in cell damage associated with reoxygenation of hypoxic tissue (25) . The enzyme oxidizes both hypoxanthine and xanthine to uric acid. Xanthine oxidizing activity has been found .in various tissues of mammals, amphibia and birds [see review by Bray (7)J Since Boume first studied the histochemical localization of XO by light microscopy in 1913 (6), many enzyme histochemical, immunofluorescence and immunoperoxidase studies have been reported. Xanthine oxidase has been localized in hepatocytes, renal epithelium, intestinal epithelium (3, 6, 12, 13, 21, 26, 28) , goblet cells (21), pancreatic acinar cells (26), mammary gland epithelium (20, 21) , sarcolemma of skeletal muscle (U), capillary endothelium of mammary gland, heart, lung, intestine (9, 19, 20) , and liver (9, 12, (19) (20) (21) . Studies on the subcellular localization of XO are limited to three reports (2, 11, 20) and they do not seem to be entirely definitive. Angermuller et al.
(2), using xanthine as substrate and CeC13 as a capture reagent, reported ultrastructural localiza-' To whom correspondence should be addressed. clearly over the qtosol and not on cell organelles. A few gold particles were found Over the mitochondrial matrix, but not m r the endoplasmic reticulum, Golgi apparatus, lysosomes, or peroxisomes, including their crystalloid core. These results are consistent with those of the biochemical assay of XO in this study. The significance of the occasional immunolabeling of the mitochondrial matrix remains obscure, since biochemical determinations in this study indicate no XO aaivity in the mitochondrial fraction. ( J IIisrochem Cytochem KEY WORDS: Xanthine oxidase; Immunoelecuon microscopy; Biochemistry; Hepatocyte; Rat. :1097-1103, 1992) tion of XO activity in the endothelial cell cytoplasm and crystalline cores of peroxisomes in rat hepatocytes. Dikov et al. (11) used an enzyme histochemical method for the reduction of ferricyanide by XO and observed fine, granular reaction products over the limiting membrane and the matrix of peroxisomes in rat hepatocytes. Jarasch et al. (20) showed that XO was localized throughout the cytoplasm of capillary endothelial cells in some tissues, including liver, by electron microscopic immunostaining with peroxidaselabeled antibody to XO obtained from bovine milk lipid globule membrane. However, these authors did not detect XO in the hepatocytes. The observations of XO activity in peroxisomes are inconsistent with previous biochemical studies (10, 18, 29) . In this study we examined the ultrastructural localization of XO in hepatocytes by immunogold labeling of antigenic sites. Our previous studies revealed that quick freezing followed by freeze-substitution fixation provides superior ultrastructural preservation and retains certain intracellular diffusible substances (8, 14, 15) . Immunostaining of these specimens with the protein A-gold complex allows precise localization of antigenic sites in cells (16J7).
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Materials and Methods
Male adult Wistar rats weighing 150-230 g were used. They were maintained on rat food pellets and water ad libitum and were fasted for 12 hr before sacrifice. Xanthine oxidase was purified from rat liver by the method ICHIKAWA, NISHINO, NISHINO, ICHMAWA of Ikegami and Nishino (18) and antibody was raised in rabbits. The serum was precipitated by ammonium sulfate and purified by DEAE-cellulose chromatography (24). Antibody against rat liver acyl-CoA oxidase was a generous gift from Dr. S. Miura (Meiji Institute of Health Science, Odawara,
The preparation of rat liver crude extract and the immunoprecipitation experiment with anti-rat liver XO antibody were according to the method of Saito and Nishino (29), with minor adjustments. Freshly excised rat livers were homogenized in ice-cold 0.05 M potassium phosphate buffer (pH 7.8) containing 0.1% Triton X-100,0.4 mM E m , 5 mM DTT, and 1 mM PMSF with a polyuon homogenizer (Kinematica), and were centrifuged at 1~, 0 0 0 x g for 60 min. The supernatant was dialyzed overnight against the same buffer containing 5 mM MT and 0.4 mM EDTA. Aliquots of the dialyzed solution were mixed with various amounts of anti-rat liver XO antibody and were incubated at 25°C for 1 hr. After centrifugation at 15,000 x g for 10 min. the xanthine oxidizing activity (xanthine dehydrogenase plus oxidase) of the supernatant solutions was determined aerobically at 25'C by following absorbance at 295 nm in 3 ml of reaction mixture containing 0.05 M potassium phosphate buffer (pH 7.8). 2.2 mM EDTA, 0.15 mM xanthine, and 0.5 mM NAD. Subcellular fractions were obtained by homogenizing fresh rat liver in 0.25 M sucrose containing 10 mM Tris-HC1 (pH 7.4) and 0.4 mM EDTA with a loose-fitting teflon-glass homogenizer rotated at about 1500 rpm. The homogenization was performed at 0-4T with two strokes of slow passes of the pestle. The homogenate was centrifuged at 1000 x g for 10 min and supernatant solution was collected. The pellet obtained by centrifugation of the supernatant solution at 15.000 x g for 10 min is designated Fraction I. Centrifugation of the supernatant of Fraction I at 105,000 x g for 60 min resulted in a pellet, Fraction 11. and supernatant, Fraction 111. Japan).
Electrophoresis ana' Western Blotting
The proteins of Fractions I, 11, and 111 were separated by SDS-PAGE (8%) according to the method of Laemmli (22). For immunoblotting, proteins were transferred to a membrane (Clear Blot Membrane-P; Atto, Tokyo, Japan) using a semidry transblot apparatus (Atto). The blot membrane was blocked in %is-buffered saline (TBS) containing 5 % skim milk and 0.2% Tween-20. The membrane was incubated with antibody (diluted in TBS containing 5% skim milk and 0.2 % Twn-20) for 1 hr, followed by four washes with the same TBS solution without antibody. Then the membrane was incubated with peroxidase-conjugated anti-rabbit IgG (Cappel; Cochranville, PA) diluted in TBS containing 5% skim milk and 0.2% Tween-20 for 30 min at room temperature, followed by four washes with TBS. Peroxidase activity was detected by a Peroxidase Immunostain Kit obtained from Wako Chemicals (Osaka, Japan).
Tissue Preparation
Quick Freezing and Freeze-substitution of Rat Liver. Fresh liver blocks (about 1 mm3) were excised under sodium pentobarbital anesthesia, mounted on a holder, and rapidly frozen by slamming the tissue against the polished surface of a copper block pre-cooled with liquid helium. The frozen tissue was fixed by freeze-substitution in 2.5% os04 in acetone or 0.2% glutaraldehyde (anhydrous) in acetone at -8O'C for 36 hr. The tissue blocks were then slowly warmed to room temperature, washed, and trimmed in absolute acetone, placed in propylene oxide, and embedded in Epon-Araldite polymerized at 60'C or Araldite 6005 polymerized at 50% (16J7).
Immunocytochemical Procedures
Silver-gold thin sections were cut and mounted on bare nickel grids. Tissue sections of Os04-substituted liver were etched by floating on a drop of 5.0% aqueous solution of hydrogen peroxide for 5 min to expose antigenic sites ( 5 ) . Etching was not used for glutaraldehyde-substituted liver because the procedure caused deterioration of cell morphology and interfered with immunostaining. The grids were then floated on 1.0% bovine serum albumin (BSA) or 2.0% normal goat serum in 0.01 M PBS for 30 min. They were then transferred onto drops of anti-rat liver XO antibody diluted 1:50-1:200 with 1% BSAlPBS for 20 hr at 4'C. After rinsing with PBS, grids were floated on a drop of protein A-colloidal gold particles (15 nm) diluted 1:lO with 1% BSAlPBS for 45 min at room temperature. For controls: (a) the antisera were absorbed with liver XO and the resulting supernatants were used for immunoreaction; (b) a nonspecific antibody, rabbit anti-human albumin antibody (Cappel) was used in place of the specific antibody; and (c) the specific antibodies were replaced by normal rabbit serum during immunostaining. Liver was also processed after diluted Karnovsky's fixation, which is 1% formaldehyde and 1.25% glutaraldehyde in cacodylate buffer without 0~0 4 , and were immunostained for control. All sections were stained with uranyl acetate and lead citrate before examination.
Results
Immunoprec+itation of Xanthine Oxidizing Enzyme with Anti-rat Liver XO Antibody
The xanthine oxidizing enzyme, which was extracted in the hypotonic solution containing 0.1% Triton X-100 as described above, was precipitated almost completely (residual activity 2%) when excess amounts of anti-rat liver XO antibody were used (Figure 1 ). This indicates that there was very little or no extracted xanthine oxidizing enzyme that did not react with the anti-rat liver XO antibody. Under the extraction conditions used for the immunoprecipitation experiment, peroxisomal enzymes are in the supernatant solution. 
SDS-PAGE ana' Western Blotting of Cefl Fractions
The proteins of Fraction I, Fraction 11, and Fraction 111 were separated on SDS-PAGE and the hmunoblots were made with the polyclonal anti-rat XO or both anti-rat XO and anti-rat acyl-CoA oxidase antibodies of the samples transferred to the membrane sheets, as shown in Figure 2 . Acyl-CoA oxidase, an enzyme of the (3-oxidation system in rat liver peroxisomes (23), was used as a marker enzyme of peroxisomal enzyme. A single band at 150 KD corresponding to XO of rat liver was observed in the supernatant fraction, and additional faint bands due to proteolytic cleavage (1) were seen in the purified enzyme. This band was clearly seen to be the most prominent in the supernatant fraction (Fraction 111) and was negligible in Fractions I and 11. On the other hand, several labeled bands were seen on the blots using both anti-rat XO and anti-rat acyl-CoA oxidase antibodies. Additional bands corresponding to 70 and 50 KD were observed most prominently in Fractions I and 111. The existence of such bands of acyl-CoA oxidase due to proteolysis is in agreement with the previous study (27). It also has been reported that some amounts of peroxisomal enzyme are usually observed in the supernatant fraction, possibly due to leakage during preparation even under mild homogenization conditions (4).
Immunoefectron Microscopy
Indirect immunolabeling using our purified rabbit polyclonal antibody against XO of rat liver was carried out on ultrathin sec- tions of rat hepatocytes processed by quick freezing and freezesubstitution fixation. The results revealed that almost all of the immunogold labeling was associated with the cytoplasmic matrix rather than with the cell organelles of the hepatocytes, as shown in Figures  3-6 . The gold particles were randomly distributed over the cytoplasmic matrix, including glycogen areas which had a clear appearance (Figures 3 and 5 ) . In the present preparation, glycogen particles are not stained with lead salt solution, although they are detected by the periodic acid-thiosemicarbazide silver proteinate reaction (30) (inset to Figure 5) . A few gold particles were found over the mitochondrial matrix (Figure 5 ) and, sporadically, quite a few particles were seen over the cisternae of the endoplasmic reticulum or peroxisomal matrix (Figures 3 and 5) . No particles were seen over the Golgi apparatus ( Figure 6) . lysosomes (Figure 4) , and peroxisomal cores (Figure 3 ). The cytoplasm of endothelial cells of the sinusoidal vessels was moderately labeled, but Kupffer cells and Ito cells were only weakly labeled. The labeling pattern on the liver processed by conventional chemical fixation and embedding was weak and inconsistent with the same immunostaining methods. The labeling density was consistently higher in the sections of rapidly frozen tissue processed by glutaraldehyde fixation and Araldite 6005 embedding than in those processed with osmium and Epon. Quantitation of the labeling density was not carried out because the cytoplasmic matrix was labeled so randomly that density differences depending on the cytoplasmic areas could not be estimated with accuracy. No positive reaction was observed in the control experiments with absorbed antibody, nonspecific antibody, and normal rabbit serum. 
Discussion
The subcellular localization of XO in rat hepatocytes was determined by using immunolocalization of anti-rat liver XO antibody on quick-frozen, substitution-fixed tissue. These procedures provided clear localization of the enzyme in well-preserved cell structures. Subcellular localization of XO in rat liver was reported by Jarasch et al. (20) in 1981, using the immunoperoxidase technique with an antibody obtained from bovine milk lipid globule membranes. These authors described that XO activity was not found in the hepatocytes but was present in the endothelial cells of perisinusoidal capillaries. The reaction products by this method were found dispersed throughout the cytoplasm except for cytoplasmic vesicles, and the precise localization of the antigenic sites was not clear. A different approach to localize XO in hepatocytes was taken by Angermiiller et al. (2), using enzyme cytochemistry. Their results indicated that the enzyme activity was in the crystalloid cores of peroxisomes in parenchymal cells as well as in the endothelial cell cytoplasm of rat liver. However, they did not rule out the possibil-ity that uric acid produced by XO may serve as a substrate for urate oxidase, another HzOz-producing enzyme. In control experiments, they used allopurinol as a specific inhibitor of XO. This is not enough to determine that the final reaction products in peroxisomal core indicate XO localization, because the smaller amount of uric acid production caused by allopurinol treatment may result in less H2Oz production by uricase. They also described that the XO activity measured by Hz02 production was enriched in the fraction of crystalloid cores which contain substantial amounts of molybdenum. The specific activity of XO in crystalloid cores described in their study seems to be too low compared with the value determined from purified enzyme by one of the present authors (29), even though it was assayed under different conditions. Therefore, it is not definitive whether the final reaction products on the peroxisomal core really represent the site of XO activity. Another enzyme histochemical study by Dikov et al. (11) stated that XO was detected only in the peroxisomes of rat hepatocytes and that a large amount of reaction product was deposited on the limiting membrane and the matrix of peroxisomes, whereas the crystalloid cores were rather weakly stained. These results are also inconsistent with those in the present study and in other previous studies (2. 10.20) . This depends on differences in the approaches employed. We consider that immunoblotting and immunostaining using anti-rat liver XO antibody in the present study are more reliable than the enzyme histochemical approaches used in previous studies.
On the basis of our past biochemical studies (12.18 ) and the immunoblots presented in this report, it can be postulated that the subcellular localization of XO in rat hepatocytes must be exclusively cytosolic. The present morphological approach was undertaken to c o n f i i these findings, using the quick-freezing method which is advantageous for retaining the soluble substances, including antigens in well-preserved cell compartments. The results obtained indicate that immunogold labeling of XO antigenic sites is mostly seen in the cytoplasmic matrix of hepatocytes. The significance of the minor labeling on the mitochondrial matrix above the background level is not known. However, it seems unlikely that this indicates the localization of XO, because this enzyme activity in the mitochondrial fraction was not detected in our biochemical experiments (data not shown). Further investigations using a monoclonal antibody to this enzyme may help to resolve this problem. The cell organelles, such as endoplasmic reticulum, Golgi apparatus, lysosomes, and peroxisomes or their crystalline cores, were not significantly labeled with immunogold. The sporadic occurrence of a few particles over endoplasmic reticulum and peroxisomal matrix may be nonspecific at the background level, because of their random occurrence and their low numbers. Sections of the hepatic tissue processed by conventional chemical fixation and embedding methods were weakly labeled and showed indiscriminate immunogold localization. Our recent study presented the primary structure of rat liver xanthine dehydrogenase (EC 1.1.1.204), determined by sequence analysis of cDNA and purified enzyme (1). The sequence showed that the enzyme contains neither of the known peroxisomal targeting signals at the C-terminal nor the leader signal sequence at the N-terminal which are commonly observed in mitochondrial enzymes. Therefore, we can conclude that XO in rat hepatocytes is exclusively cytosolic, and that the cytochemical results in this study are consistent with the biochemical localization presented here and in previous studies (10.18 ). 
